͑Received 10 May 2000; accepted for publication 3 July 2000͒ We report on AlGaN/GaN metal-oxide-semiconductor heterostructure field-effect transistors ͑MOS-HFETs͒ grown over insulating 4H-SiC substrates. We demonstrate that the dc and microwave performance of the MOS-HFETs is superior to that of conventional AlGaN/GaN HFETs, which points to the high quality of SiO 2 /AlGaN heterointerface. The MOS-HFETs could operate at positive gate biases as high as ϩ10 V that doubles the channel current as compared to conventional AlGaN/GaN HFETs of a similar design. The gate leakage current was more than six orders of magnitude smaller than that for the conventional AlGaN/GaN HFETs. The MOS-HFETs exhibited stable operation at elevated temperatures up to 300°C with excellent pinch-off characteristics. These results clearly establish the potential of using AlGaN/GaN MOS-HFET approach for high power microwave and switching devices. © 2000 American Institute of Physics.
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The development of new generations of GaN/AlGaN high temperature microwave power electronics requires field-effect transistors ͑FETs͒ with low gate leakage and superior pinch-off characteristics, specifically at elevated temperatures. 1 These properties directly impact the device drain breakdown voltage, rf performance, and noise figure. In the past, several groups have attempted to achieve gate leakage suppression and superior pinch-off characteristics using the metal-insulator-semiconductor FET ͑MISFETs͒ [2] [3] [4] or metal-oxide-semiconductor FETs ͑MOSFETs͒ 5 device approach. However, the performance level of all these insulated gate devices was well below that of the state-of-the-art AlGaN/GaN HFETs. More recently, we demonstrated AlGaN/GaN metal-oxide-semiconductor heterostructure field-effect transistors ͑MOSHFETs͒ on sapphire and reported on their dc characterization results. 6 Our MOSHFET design combines the advantages of the MOS structure which suppresses the gate leakage current and AlGaN/GaN heterointerface, which provides high-density high-mobility two-dimensional ͑2D͒ electron gas channel. The MOSHFET approach also allows for application of high positive gate voltages to further increase the sheet electron density in the 2D channel and hence the device peak currents.
These features make MOSHFETs extremely promising for high-power microwave applications. However, these applications place severe constrains on device thermal management, which can only be addressed with high thermal conductivity SiC substrates. In this letter, we now report on fabrication and characterization of AlGaN/GaN MOSHFETs over insulating 4H-SiC substrates. Saturation current as high as 1.3 A/mm with a gate leakage current as low as 100 pA at Ϫ20 V gate bias for 2ϫ150 m devices is measured. The microwave and high temperature performance of the MOSHFETs is also reported.
The built-in channel of our MOSHFET is formed by the high density 2D electron gas at the AlGaN/GaN interface as in regular AlGaN/GaN HFETs. However, in contrast to HFETs the metallic gate is isolated from AlGaN barrier layer by a thin SiO 2 film. Thus the MOSHFET gate behaves more like a MOS structure rather than a Schottky barrier used in regular HFETs. Since the properly designed AlGaN barrier layer is fully depleted by electron transfer to the adjacent GaN layer, the gate insulator in MOSHFET consists of two sequential layers: SiO 2 film and AlGaN epilayer. This double layer insulator provides extremely low gate leakage current and allows for a large negative to positive gate voltage swing. Due to the wide band gap and to the full depletion of the AlGaN barrier neither electron nor hole parasitic channel forms at SiO 2 -AlGaN interface at the gate voltages up to ϩ10 V. The absence of the parasitic channel is confirmed by our simulations and by the measured capacitance-voltage (C -V) and current-voltage (I -V) characteristics discussed below.
The device epilayer structure ͑see inset of Fig. 1͒ was grown by low-pressure metal-organic chemical vapor deposition ͑MOCVD͒ on insulating 4H-SiC substrate. All AlGaN/GaN layers for this structure were deposited at 1000°C and 76 Torr. A 50 nm AlN buffer layer was first grown at a temperature of 1000°C, followed by a 0.4 m insulating GaN layer and a 50 nm n-GaN layer with an estimated doping level of (2 -5) . We also had a low-level flux of trimethylindium ͑TMI͒ present during the growth of all the layers of the structure. The presence of the indium surfactant, we believe, helps in improving the surface and interface roughness by incorporation of trace amounts of indium. The measured room temperature Hall mobility and sheet carrier concentration were 1150 cm 2 /V s and 1.2ϫ10 13 cm Ϫ2 . Transistor devices were then fabricated using Ti͑200A͒/ Al͑500A͒/Ti͑200A͒/Au͑1500A͒ for the source-drain ohmic contacts. These were annealed at 850°C for 1 min in nitrogen ambient. A multiple He implant with energies of 10, 50, and 100 keV and a dose of (1 -2)ϫ10 15 cm Ϫ2 was then used for device isolation. Prior to the gate fabrication, a 10 nm SiO 2 layer was deposited on part of the heterostructure using plasma enhanced chemical vapor deposition. The thickness of this layer, d OX , was extracted from the C -V measurement at 1 MHz on areas with and without the SiO 2 layer. In Fig. 1 we include the C -V plots for 100 mϫ200 m pads over the HFET and MOSHFET regions. From the zero volt capacitance of these metal-semiconductor structures ͑with-out SiO 2 layer͒, and using AlGaN layer permittivity ⑀ B ϭ8.8, we estimate the AlGaN barrier thickness d B to be 31 nm. This is very close to the 30 nm value estimated from the deposition rate. We then estimated the oxide thickness d OX from the following equation:
Here C MOS and C MS are the capacitances of equal area pads on the oxide and nonoxide areas and ⑀ OX ϭ3.9 is the SiO 2 dielectric permittivity. Using the data of Fig. 1 and Eq. ͑1͒ the SiO 2 thickness, d OX , was estimated to be 7 nm. This is in reasonable agreement with the d OX value of 10 nm expected from deposition rate. In Fig. 1 , we also include the C -V characteristics measured under a strong white light illumination. As seen, for the HFET structure ͑without the SiO 2 layer͒, the C -V curves in light and dark practically coincide. However, for the MOSHFET structure a threshold voltage shift ⌬Vϳ1 V is measured. We attribute this voltage shift to the charge ⌬QϭC⌬V induced near the SiO 2 /AlGaN interface. Using the MOSHFET device capacitance measured at VϷϪ9 V ͑see Fig. 1͒ , we estimate the upper limit on surface charge density in SiO 2 layer, n s Ϸ10 12 cm Ϫ2 . This is more then an order of magnitude less than the sheet carrier density ͑of free carriers͒ in the 2D channel of the MOSHFET, thereby indicating a high quality for the SiO 2 /AlGaN interface.
We then fabricated Pt͑200A͒/Au͑1000A͒ gate on both the regions with and without SiO 2 . Gate length and widths were 2 and 100 m, respectively. Figure 2 shows the measured I -V characteristics of a device with oxide layer under the gate of AlGaN/GaN MOSHFET. The data of Fig. 2 are for the devices with a source-drain separation of 5 m and the gate length of 2 m. As seen, the maximum device current close to 1.3 A/mm was measured at a positive gate bias of ϩ9 V. Further, the devices completely pinched off around Ϫ9 V. Assuming the maximum sheet carrier density in the undoped two-dimensional electron gas ͑2DEG͒ channel, limited by the 2D density of states, n s , is about 2ϫ10 13 cm Ϫ2 7 and the electron drift velocity in the channel, vϭ5 ϫ10 6 cm/s, we estimate the maximum achievable channel current I sm /Wϭqϫn s ϫvϷ1.6 A/mm. Therefore the measured saturation current in our MOSHFET is close to this maximum value. .   FIG. 3 . The saturation-current ͑a͒ and transconductance ͑b͒ in the saturation region for the MOSHFET and baseline HFET devices. Drain to source voltage is 10 V. Device dimensions are the same as in Fig. 2. devices. As expected from the larger total barrier thickness and the lower dielectric constant of the SiO 2 layer, the MOSHFET transconductance is smaller than that of the baseline HFET device ͓see Fig. 3͑b͔͒ . The maximum transconductance, g m of 110 and 145 mS/mm, was measured for the 2 m gate MOSHFET and baseline HFET devices, respectively. As seen from Fig. 3 , the increased gate-tochannel separation is also responsible for the more negative threshold voltage of the MOSHFET. The MOSHFET also has an advantage of a much larger ͑nearly doubled͒ gate voltage swing and a higher linearity than the baseline HFET. This should, in principle, lead to a smaller intermodulation distortion, a smaller phase noise, and a larger dynamic range.
In Fig. 4 , we show the gate leakage current for the two device types with an identical geometry ͑2 mϫ200 m gate area͒. The data shows that at room temperature the MOSHFET leakage current is as low as 100 pA at Ϫ20 V gate bias and is approximately six orders of magnitude smaller than for the HFET with similar gate dimensions. The pinch-off characteristics of AlGaN/GaN MOSHFET were measured in the temperature range 25-300°C. The pinch-off current as low as 0.15 nA/mm at room temperature and 38 A/mm at 250°C was measured at the gate voltage V g ϭϪ15 V and the drain bias of 10 V. Even at temperatures as high as 300°C the pinch-off current remains approximately 10 mA/mm, which is about two orders of magnitude less than the maximum saturation current. No degradation was observed in the maximum saturation current up to 300°C. The results of Figs. 3 and 4 clearly establish the potential of using our MOSHFET devices for high voltage, high temperature applications.
We also measured the current gain as a function of frequency using HP-8510 S-parameter analyzer. The cutoff frequency ( f t ) values of 8.2 and 5.9 GHz were measured for the 2 m gate MOSHFET and the HFET, respectively. Note that the value of the ( f t •L g ) product of 16.4 GHz m for MOSHFET also compares very favorably with the highest reported values for the state-of-the-art AlGaN/GaN HFETs. 8 We also compared the maximum output rf power for both MOSHFET and HFET devices. The load-pull measurements were performed at 2 GHz using a Maury Microwave automated tuner system. Under identical bias conditions, 30 V drain bias and Ϫ1.5 V gate bias, the maximum power of about 2 W/mm was measured for both device types. Our data thus clearly indicates that the MOSHFET device approach preserves the high frequency and high power performance. We believe that the rf power characteristics of MOSHFETs might far exceed those of HFETs. The gate bias for MOSHFETs can be optimized to allow much higher input voltage and channel current swings. This should in principle lead to a much higher output power sweep compared to a similar geometry HFET without any significant transconductance collapse ͑see Fig. 2͒ . Also, due to the low gate leakage current, the maximum drain voltage for MOSHFET can be higher than that for HFET, which may further increase the maximum rf power. A more detailed study of MOSHFET rf characteristics for a large periphery and submicron gate devices is currently underway and will be published elsewhere.
In conclusion, we demonstrated high performance SiO 2 /AlGaN/GaN/SiC MOSHFETs with stable operation at elevated temperatures up to 300°C. The measured dc, rf, rf power, and high temperature characteristics of the MOSHFET are equal to or better than for identical geometry HFET devices. This clearly establishes the feasibility of the AlGaN/GaN MOSHFET device approach for highfrequency, high-temperature, high-speed switching applications. 
